Contrary to what has recently been assumed in modeling the proposed deforming bed mechanism for the rapid motion of Antarctic ice streams, the rheology of water saturated till is probably highly nonlinear, according to information from soil mechanics and preliminary experiments on till from the base of Ice Stream B. The equivalent flow law exponent n is probably as high as ---100, and the nonlinearities of the shear stress and effective pressure dependences are closely linked. The high nonlinearity has important consequences for the deforming bed mechanism. A flow system operating by this mechanism can be unstable as a result of feedback from the generation of basal water by shear heating of basal till. The short-term feedback effect is analyzed for a perturbation in a model ice stream in which the basal meltwater is transported through a distributed system of narrow gap-conduits at the ice-till interface. Although the analysis is approximate and some of the system parameters are poorly known, the results suggest that the deforming bed mechanism is unstable for n >---20. The apparent lack of such an instability in the currently active ice streams implies that their motion is controlled not by the deforming bed mechanism but by some other as yet unidentified mechanism.
INTRODUCTION
The West Antarctic ice sheet is traversed by about a dozen ice streams --50 km wide and --500 km long, in which the ice is moving at speeds up to --800 m yr '1, in sharp contrast to the motions of--10 m yr -1 in the general mass of the ice sheet outside the ice streams [Bentley, 1987] . There is interest in these rapid motions as a phenomenon of glacier mechanics [Clarke, 1987a] and as a process that may be important in a possible collapse of the ice sheet, with worldwide consequences [Hughes, 1977, Bindschadler, 1990] .
To explain the rapid ice stream motions there has been developed, on the basis of seismic reflection data [Blankenship et al., 1987] , a deforming bed model according to which the ice moves rapidly by deformation of a layer of soft, watersaturated till at its base [Alley et al., 1987a [Alley et al., , 1987b Alley, 1989a Alley, , 1989b MacAyeal, 1989] . From boreholes to the bottom of Ice Stream B, direct evidence of the basal till and of physical conditions suitable for its deformation has been obtained [Engelhardt et al., 1990; Kamb, 1990] . Glacier and ice sheet movement by soft-bed deformation, instead of by the normally considered mechanisms of ice deformation and basal sliding, has been advocated as an important new paradigm of glaciology [Boulton, 1986] and as the flow mechanism for large parts of the ice age North American and Fennoscandian ice sheets [Boulton and Jones, 1979; Boulton et al., 1985; Brown et al., 1987] .
Crucial to the deforming bed model are the mechanical properties of the basal till, which relate the shear deformation of the till to the shear stress at the base of the ice and specify how this relation is influenced by basal water pressure [Alley et al., 1987b, p. 8937] . In the modeling of the deforming bed mechanism that has been done to date, a linear or nearly linear theology has been assumed. The present paper Copyright 1991 by the American Geophysical Union.
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0148-0227/91/91JB-00946505.00 undertakes to show that a highly nonlinear relation is much more likely and that such a relation has important consequences for the stability of ice stream motion if controlled by bed deformation.
CONSTITUTIVE RELATION FOR TILL Current View
In the modeling to date of ice stream motion by the deforming bed mechanism, the till flow law relating shear strain rate ,• to shear stress ? and effective pressure P = Pi-Pw (where PI is overburden pressure and PW is pore pressure of water) has been assumed to have the form • = C ?n/prn
where C is a constant (the "softness parameter") and where n=l [Alley et al., 1987b; Alley, 1989b; MacAyeal, 1989] The mechanical properties of the till under the ice streams are doubtless not exactly the same as those of the clay-rich soils tested by Bishop [1971] and Skempton [1985] . Because of the sand and pebble content of the till [Engelhardt et al., 1990 , Figure 4] , its behavior will probably be closer to perfect treiboplastic failure than is the case with the clay-rich soils tested, so that the equivalent n value for the till flow law will probably be even higher than --100.
In the relation (5) for the steady state strength of fault gouge, from experiments to date •-I is found to be a small qualitatively to the expectations of (4). Figure 1 cannot be used to fix an equivalent n value because steady state creep rates were not achieved, either in the decelerating creep below the yield stress or in the accelerating creep above; however, from the constraints that the data provide it is clear that n would have to be very large. A second till sample was later tested in a larger direct-shear cell (diameter 6.35 cm) operating in the displacementcontrolled mode (specimen sheared at a controlled slip rate, shear force recorded as a function of shear displacement). original material, were removed; the strength was 0.018 bar, essentially unchanged from that of the original material. This makes it quite unlikely that removal of only the coarsest clasts (>--10 mm), constituting less than 2% by volume of the till as sampled, had more than a small effect on the strength. Drying the till and then reconstituting it back to the original water content (25% by weight) also had little effect on the strength. Since the till was probably undergoing shear deformation in situ, before sampling, and since it was necessarily deformed somewhat in the sampling process, the further disturbance involved in packing it into the test cell is unlikely to have altered its strength greatly. Disturbance of clay particle alignment that might be present in the residual state in situ would increase the strength over that in situ.
The tests cannot be considered to give a determination of S for the residual strength, because the total shear displacement was only 8 mm in the tests. On the basis of the earlier discussion, S is expected to be reduced in the residual 
ICE STREAM FLOW STABILITY
If the till flow law is highly nonlinear, as the foregoing discussion suggests, there are important consequences for the deforming bed mechanism of ice stream motion. The highly nonlinear response to shear stress will lead to glacier flow behavior of types akin to those discussed by Nye [1951] for ice deforming as a perfectly plastic substance, but with the significant complication that the till yield stress is a function of the effective pressure. The highly nonlinear reciprocal dependence of flow on effective pressure, which according to (5)+(6) is directly linked to the nonlinear shear-stress dependence, will couple the flow sensitively to the basal water pressure. In particular, there is a basal-water-pressure feedback mechanism that for sufficiently nonlinear dependence results in instability of the flow system. This striking consequence of flow law nonlinearity is now considered. The instability is entirely separate from the marine ice sheet instability that has been much discussed in connection with the West Antarctic Ice Sheet [e.g., Thomas In a glacier or ice stream moving by the deforming bed mechanism, the deformability of the subglacial till is made possible by high pore water pressure [Alley et al., 1987a; Engelhardt et al., 1990] . For an Antarctic ice stream, in which the ice is below freezing except at its base, the source of the pore water is melting of basal ice, which is due to the frictional heat generated by till deformation, plus the geothermal heat flux, less the heat flux conducted upward within the subfreezing ice mass. The basal water pressure must adjust itself so that in a steady state the water produced by basal melting does not accumulate progressively but is conducted away, ultimately to the ocean at the grounding line, through some type of water conduit system. In such a flow system there can be a positive feedback mechanism for basal-waterpressure perturbations. If the water pressure increases, so that the till pore pressure increases, the till deformation rate will increase; this will increase the basal melting rate, which will result in a further increase in basal water pressure, unless the increased pressure causes the conduits to enlarge sufficiently. Depending on its physical parameters, the system can be either stable or unstable in relation to such water pressure perturbations.
This basic type of feedback effect and the resulting stability issue for the deforming bed mechanism has been noted but On the basis of (14) we can make the following expansion to evaluate the first term on the right side of (24) The type of flow law nonlinearity that affects the deforming bed instability considered here is nonlinearity in the inverse dependence of shear strain rate or basal slip rate on effective pressure at fixed shear stress. This nonlinearity is linked by the form of the applicable flow law (5) to the nonlinearity in the dependence on shear stress; both have the same effective exponent n, as discussed earlier.
The deforming bed instability depends heavily on the relationship (13) that specifies the response sensitivity of the basal conduit system to changes in the basal water pressure.
The assumed relation (13) is valid, with q=l, for a linked cavity model of the basal water conduit system [Kamb, 1987] , and is valid in its differential form (14) for a water film model [Alley, 1989a] (32) is to make the system unstable against short wavelength perturbations in the case of small n, and stable for large n. However, it is not certain that the steady state would be reached, at least until after a period of oscillation, because the initial response of a tunnel to increased water pressure or to increased B is to enlarge, which is a response in the opposite direction from the steady state response. These complications are not encountered in the foregoing treatment because, for reasons given earlier, a water layer conduit model was assumed to be appropriate.
Although The critical value of n, above which the deforming bed flow mechanism is unstable for the water layer conduit model, cannot be closely f'•xed, partly because the physical model and mathematical treatment are only approximate, but primarily because our knowledge of system parameters for the ice streams is limited. Particularly uncertain is the parameter q. The theoretical q values of 1 and --12 for two well-defined models of nonuniform water layer conduits leave a rather wide range of uncertainty as to what q value is appropriate to the real system, if (13) is applicable. The critical value of n depends strongly also on the wavelength of the perturbation that initiates the instability, according to (33), but we have no firm basis for choosing a value for this wavelength. Nevertheless, from the evaluation of the last section it appears that for reasonable choices of parameter values, the critical n is likely to lie in the range from about 5 to 20. This means that it makes a great difference for the functioning of the deforming bed mechanism whether basal till has flow properties like those assumed in current numerical modeling (n _< 1.3 ) or instead like those that appear appropriate from the work in soil mechanics discussed in the first section (n--15-100). It seems reasonably certain that a deforming bed mechanism in which the till theology controls the rate of glacier motion is unstable if the till behaves mechanically like clay-rich soil at residual strength, with n>--100, and if (13) applies.
Unless a mechanism for preventing perturbations of wavelength longer than about 10 km were in operation, a flow system subject to the above instability could not persist in its unstable steady state over geologic time. Are the fast-moving ice streams as we see them today the result of past speed-ups promoted by this instability? The form of the instability criterion in (32} permits this, From the seemingly stabilized motion of the currently active ice streams one is thus nudged to the conclusion that their motion is not now being controlled by till theology, which, as the foregoing considerations indicate, would not provide stabilization. The implication is that some other mechanism limits the speed of motion.
An independent indication of the same conclusion is the low measured shear strength of the basal till, 0.02 bar from Figures 1 and 2 , which makes the till an order of magnitude too weak to support the basal shear stress of 0.2 bar required mechanically as a regional average.
If an incipient ice stream (or an incipiently surging glacier) is subject to the deforming bed instability discussed above and begins to speed up rapidly because of it, the motion may become limited by some other resisting mechanism(s) at the bed before there is time for major adjustments in ice sheet configuration of the type modeled by Oerlernans and van der Veen [1984] . Such a course of events would be analogous to the theory of glacier surging by Lliboutry [1968, p. 51; 1969, p. 946] , in which the sliding rate increases unstably because of basal cavitation over short-wavelength roughness elements, but the increase is ultimately stabilized by the sliding resistance of long-wavelength roughness elements. In the ice streams the stabilization could for example be achieved by the sliding resistance of scattered "sticky spots" of bedrock protruding through the basal till layer.
If the conclusion that some other mechanism controls the ice stream motions is correct, current attempts to model the ice stream motions on the assumption that they are controlled by the deforming bed mechanism are misdirected. Valid modeling of the ice stream motions can of course be done only when the mechanism that controls the motion has been securely identified and quantitatively formulated. The need for further effort in that direction is emphasized by the considerations here as to flow law nonlinearity in relation to stability/instability of the deforming bed mechanism.
APPENDIX
We consider here the effect of the x variation of the coefficients D, E, and F on the solutions of (25). A first approximation to the x variation is obtained by expanding the coefficients in power series in x, and keeping the constant and linear terms. To do this we expand the variations of (26), (27), and (28) differentially: 
